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Se aer resus 


Tne COrreletion betvecn Scver7?T ec#itical currents de- 
payee fOr Umemomedaeolon between the supercon@gucting Ena the 
NOMwa Youre ur- co ostvate in thin indium fi ig wae cetormined. 
Comer tOUS Pemmee LOChNn2yuec, the current reouiredc to 
reach the threshoid of recistance I;, the ce current which 
procucec 2 comziete transition I,, the current which re- 


meee elt Of wtre recistance in the cbsence of Joule heatin™ 
effects I-g, and the pulsec current which "simultaneously" 
eyitvcnes the film dye, ; were ‘reneured. 
I5ng and I, were founeé to have the cone funetioncl ten- 
Pemmeuure depen@dence, havime we constant relctisnenir such 
thet I, is 1.1 times Ico. 

iy was measured with €ood accuracy over the temperature 
pees 1.6° to See. I, was meagurea over the same range ana 
the two currents were compared to observe the effect of Joule 
meetine cna thewdegrce to which that effect can be reduced 


meciameene Conditions of heat conduction away from the filin. 
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ier rOductaem 

SeVeroPenetvtmercxnibit the pnhenomene of esupercomeuc- 
tivity at temperatures below a critical temperature TT, 
OoeScleree With each particultr metal. ~Investisetions into 
the néture of the transition from the superconducting state 
Mme Normal rPecistive state in thin metallic fiims neve 
Peemeunderwey [rem some time in an efiort to contribuve to a 
Semere te Lhneory for Superconductiviay., Such 2 transition can 
mesanauced by Digcingethe film in a large enough meégnetvic 
imeia, by passing a sufficiently lerge current through the 
mem, Or by Some combination of field ana current. 

Consider, for example, a film 5 mm long of rectangular 
cross-section, 60 microns wide and one micron thick. As dc 
meerent is slowly increased from zero throush this supeércon- 
eimeucine L[iln, mo voltase appeare across the film until a 
thresholc current J; is reschea. At this threchold, the 
imme ecnuers dmeintermediate Stave wherein the film is broken 
up into some Find of mixture of resistive and superconducting 
Suates. Cremer ana Newnouse 
propose a model which explains 


certain experimentel results 





COrecurrenc-aimeuced transgi-— 
Fig. 1. Resistive channel tions. AS current is increased 
ies superconducting film. 

tomeugh the flim, a2 resistive 
Poanne l= soomeexuends across the film. Within this channel, 


lyonn W. Bremer and Veo wewiouse, Phys. Rev. Letweme. 
fon, 1, 202, lobe 








Pore wre rigces cue to Joule heaving gna the toundarier of 
tee Chamne!] reach tee critical temperature corresponding io 
fie 1OCeIwCUrrentecensity. The channeleegiaeacs. © resistive 
domain can be expected to form initially where “necking in" 

Si Mier ic Ticld lines takes place cue Lo non-unmiiorm cur- 
Bemeedenoity. seycurrent is increased above I;1, the equi- 
rior lwmn omventl Of tae resistive domain increases. wievalue 
Bimeeurrent 1S Peacnea for which the domain repidly sweeps 
PemeugmOut tiewiiim. This is called une ce critical curren 


I,- Values of current greater than this will produce more 
meee One Initial domain of resistivity and result #n seven 
Pacer transitions. 

Tirmeurrenu vemimtrounced througimcae Lillm in puises 
which are shorter in duration than the time recuired for 
JOule heating to enter into the transition, values of cur- 
rent higher than I, will be required to achieve 2 complete 
erie. tion; SucCi a traw@et ti onmwae)] be magnetically inducec 
SO that all parts of the film are switched simultaneously. 
This current is the simultaneous switch current I,. he 
relationships between the currents thus far described are 
meowa in Fig. 2, typicel of a thin indium film evarorated 
onto a giass substrate.© Threshold current iy, is shown as 
the dashed curve. I, and I, merge (at 3.0°K) because the 
(Peemeimemierenl recuired to reach the thresholc is so high 
that Joule heating immediately sweeps the resistive domain 

€Poundations of Future Pree lLromvec. Chaovery/ 1, 


me OU. Critvendedw, Jr,, to be published by UCLA and Mecraw- 
eel 
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Fig. 2. Critical currents in thin indium fiaimn 
(after E. C. Crittenden, Jr., 1959) 
to the ends of the specimen. Then, as the lambda point of 
meliue is reached at 2.186°%K, the helium becomes a far 
superior heat conductor and a distinction can ag¢2in be maae 
between I, and I,. There is no such discontinuity in the 
curve of I.. 


Another recent experiment in current-induced transitions 


employed both fast-pulsing techniques and improved heat 





nh ee 





COnduerton torstucdy the mature of the switch in thin tin 
films. pywoppeyeme current pulses of C.5 msec rise time 
and 44¢sec duration, “isothermal” transitions--transitions 
iecuruommuoulewmeating effects==were obtained “in therrance 
of temperatures just Lbcelow 


By Prem thesesdata, the 


C° 
current for which the re- 
Sistance reached half of 
its maximum value was taken 
as & criterion for experi- 
mental verification of the 


theory Of .CinZbure milter .-e= 


lates critical curremeyand 


mie, 5. Lsothermal and Joule 
heat-dominated transition CrPiti¢ca:r Tield in tha@were— 


(after Bremer and Newhouse) ; 
gion.” 


iM acequaresuicoryeror current-induced vrancitions 
Momeugh the intermediate state dces not exist.) Date on the 
transition are essential and 4@ correlation between the sev- 
eae criteria for critical switch currents will be valuable 
mec ormulating a complete theory. The present experiment 


was prompted by these considerations. 


Dye W. Bremer and V. L. Newhouse, "On Current Transitions 
in Superconducting Tin Films", to be published in Fhys. Rev. 


ve if. Gidzeure Dormlady Acad. Nauk, Vol. 118, p. 464 (1952) 











2. Experimental Frocedure 

&. Sovecimens 

Specimens of indium were prepared at Space Technology 
BasGhewerres, Ine. by vacuum deposition of a film ento sub- 
Setratves of optically polished. glass or quartz.° The @eometry 
was that shown in Fig. 4, where 
the substrate disc diameter is 


one inch and its thickness is 





three millimeters. The broad 
area Of film on either side 
Fig. 4. Specimen geometry 
was designed to reduce contact 
Peeiscvance; indium lugs were included to insure go00d contact. 
Dimensions of the individual films appear in the appendix. 
For the experiment speci- 


mens were mounted in a holder 


Waich incorporated circuitry 





Shown schematically in Fig. 5. 
SPECIAIE 
YOu LANG ad 


INPUT 


Doubling back of two of the eee 


leads formed a loop which ef- 
Pectively reduced the sourdous 
Pulse caused by the 1S} re- 
Sponse of the film due to its 
finite self-inductance. 

At temperatures below Lon Hier Senematic specimen 


wiring diagram. 
erystalline guartz exhibits a 


> Process described in The "Fersistor", A Superconducting 
Memory Element, E. C. Crittenden, Jr., John N. Cooper, and 
FE. Ws Schmidlin, to be published Froc. IRE, 1960 
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c9 


thermal conductivity about 4 x 10° times that of clas 
MiSs Lee was pOcowele LO SLUCY oclmilar tiims under markedly 
cat lervememconditions of heal conduevion. 

peer yosenics 

opecimens were immersed in a bath of liquic helium, the 
Nomecr being suspended by its coaxial lead cablest™ Low ten- 
Peratures were attained by mechamical pumping on the helium 
vapor.‘ 4 regulator designed by E. C. Crittenden, Jr., main- 
Gained the vapor pressure With preeision at any aesired value. 
tiiemiaquid helium bath was containedsin a Dewar flask, sur- 
meemaea by a liquid nitrogen Heat snield=in a second Dewar 


flask, as shown below: 
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Fig. 6. Schematic diagram of cryogenic equipment 


Onmerican Institute of Physics Handbook, McGraw-Hill, 1957 


"vapor Pre@oure—-vetrperoture Senedqule according to Squire [el 





Cc. Measurencacs 

Samnulwaneous Switch current @@ta were obtained using 
square pulses (120 per second) from an SKL Model 503 fast- 
rise pulse generator (rise time 1 masec). These pulses were 
Ppuimtarenen fitty—ohm coaxial cablesminto the specimen in 
series with a fifty-ohm resistance. With 2a Tektronix Type 
541 Oscilloscope, end a dual trace preamplifier, the input 
pulse end specimen response could be superimposed anc viewed 
PenuiteanecOusivammeecr tical Semseitivitves Of the two traces 
were adjusted so that the two pulse heights coincided after 
the specimen had been driven completely resistive. Then, as 
the input pulse height was manually increased from zero, the 
specimen (lower) trace formed, rose, overtook the input trace 
mie as the Swaaten was complete, anc tremained in coincidence 


thereafter. As the switch neared completion, the specimen re- 


epemse trace literally jumeed intewcoincidemce with the input 


time ) 





mie. (. Voltage vs time for fast puise.» Specimen voltage _ 
(lower trace) (a) forms (b) overtakes and (c) becomes coin- 
cident with input voltage (upper trace) as the input pulse 
height was manually increased from zero. 

trace. <At this point, the value of the input pulse was re- 
corced and I, was calculated from that input voltage and an 
ipl impecgance Of fiity ohms. 


tThreshoic and de critical currents were measured using a 


i 





furrent regulating circult designed by E. C. Crittenden, Jr. 
Bias cevice provided a wheadily incremsings current ebrough 
Lies specamcn whaichecrove it to the reseistivesstate, at ~hach 
Point @ Unyratron fired to open the circuit and prevent poes- 
Sible destruction of the specimen. Data was recorded in the 
10mm 701 OSGi Loscome 
photographs showing volt- 


GeCmrcrsus curpen. atvercnH 





tetpermeaLvure.  iInvaddation-, 


i, was read directly ona 





milliammeter. Figure & is 
ieee ©. Superconducting film re- @ Sketch of a typical os- 
Sponse to slowly increased dc 

cilloscope photograph. 
Threshold current I, is estimated as the point where voltage 
memo increases above the norizontal axis. 

A special pulse-shaping, cathocde-follower circuit was de- 

eseemed LO produce a4 trianguder waveform from the output of a 
Teletronics Model PG-200 AA 


pulse generator. This cir- V 


cult supplied pulses with 





neer-linear leading ecges ! 


and slightly exponential de- sei 
Boece criangular input 
Peyeevariables in the circure waveform for Iso, Iy and 


ip ceterminations 
made it possible to choose 


any rise time between 15 masec and 20 “sec. 
With such a triangular pulse across the specimen in series 
with fifty ohms resistance, the voltage across the specimen 


é 





aVone™ was observed with an oscilloscope. <As the innut pulse 
iMcweascd from zero, a definite threshold cif Mesistance could 
be seen, as determined by the first detectable snecimen volt- 
age on ai1mv/em scale. Increase of input pulse caused srpeci- 


men pulse to progress in the manner sketched below: 


(b) (c) 


(a) (cL) (e) 


Fig. 10. Development of specimen voltage in response to 
Gaesegmally increased triangular input current pulse. 


Figure 10 (a) represents the condition before any resistive 
region has developed across the film. As current is increased, 
resistance first appears as indicated in Fig. 10 (b). Fur- 
ther increase in input current causes the specimen voltage to 
increase with the form shown in (c), the extremum being rounded. 
At a definite input current, this roundness gave way to dis- 
tinct cornering, shown in (dad), with a slight linear elongation 
Bamene trailing edge. The value of current required to pro- 
euec this form was recorded as the critical switch current. 
Increasing oe input pulse beyond this point resulted in the 
overdriven form (e). In the region near the peak, the speci- 
men pulse assumed the form of the iMpwemeoise, The critical 
current measured in this manner using a 0.5 wsSec rise time 

was designated the peak current I... Similar measurements 


2 
ere mage with input pulse #ige times of 5, 10, and 15 yesec. 





Data on the current required for the restoration of 
fifty per cent of the normal resistance was obtained with 
the 0.5 “sec risem@uame triangus 
lar pulse. Specimen voltages 
corresponding to various input 
SUrGemaeaawere récerded so that 
heswovence could spe calculated 
for various currents and these 
plotted as fractional resist- 


ance versus current at each 





temperature. The current re- Ley 


Slueseca to produce fifty per Pollo Fractional 
Ree lavemice Culver 

cent of the in-helium resist- 
emee, called Iso» was taken from these curves. 
3. Results and Discussion 

by Apeisgine Lhe pulséestechma ges ceceri eco nome ora 
variety of glass- and quartz-backed films, data was obtained 
for I,, I,, and I, which is consistent with that reported by 
8 


other experiments using similar measurements. Ty 2 Caauaou 
this work is that shown for specimen G-217 in Fig. 12. 
fae Sumultancous SWitchec ercalele cams be Seen LO 
Geeroximate a functional dependence 
( 
Tus are - (1/79) 4| 

where Igg is the intercept of Ig, extrapolated to O°K, T is 

oe. oC. Cen ULenact item pecin = Crlurcaimomrenus in iin 
Superconducting Thin Films", International Conference on 
the Structure and Properties of Thin Films, at Bolton 
fmanding, N. Y.;, Vo59 


10 





the =specimen temperature, and a is the film's critigal 
temperature. The squares plotted on Fig. 12 show the fourth 
power function. Below the lambda point of helium, I, ap- 
proaches the same functional dependence on temperature. 

Ig, is about 1.45 times I... 

Both the analysis of oscilloscope photographs of slowly 
increasing direct current and the triangular input pulse 
methods were used to determine I,. Agreement between the 
two methods was excellent: the latter was preferred because 
it provided a direct measurement over the whole range of 
temperatures. Continuous values of I; for temperatures well 
below the lambda point were measured in this way. 

Figures 13, 14, and 15 present the results obtained for 
three quartz-backed films. 

Immediately apparent is the greater spread between 1; 
and I,. This can be attributed to the higher thermal con- 
euctivity of quartz. It has™eeen moted that the portion of 
a below the lambda point of helium exhibits approximately 
a fourth power dependence on temperature between Ico and 
zero current at T,-. Quartz backing, since it markedly in- 
creases conduction of heat away from the film, permits I, to 
more nearly approach fourth power temperature dependence 
above the lambda point in the vicinity of To. 

Another criterion, In: 
to complete the switch to the resistive state, based on 


the value of current required 


input pulses with rise time 0.5 “sec, is shown superimposed 
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On I.. These two current curves are the same experinenteally: 

4iso shown is Ig, the current required to restore 
fitcywercent of the normal resistance using the 0.5/7 5eC 
input puise. This value of current is quite distinct from 
the simultaneous switch current I: Foints for the Iso 
curve were taken from fractional resistance curves like 
tiose Of Fis. 16, Since the Inq curve appeared to have the 
same shape as that of I,, graphs of Ig9/I, against temper- 
ature were prepared to test for a constant relationship. 
Figure 17 shows these curves. It appears that Is5g is about 
0.91 I,, and that the same functional dependence on temper- 
Pore eCX1StsS. 

Paaure a> shows a family of curves of the current re- 
quired to completely restore the resistance in a glass-backed 
film. Each curve represents a different rise time for the 
triangular input pulse. I, and In (rise time, 0.5sec) are 
Somnetdent. Slo, the dc criterion, and I, are equal in Geis 
bemperature region and are shown for reference. 

sucn a family of currents suggests that I, is ap- 
proached as the upper limit of current required for rapid 
Switching, and that current pulses with rise times somewhat 
greater than 0.5sec begin to produce Joule heating effects 


come tnererore achieve switching for lower current values, 
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4. Conclusions 


Because Iso, Zp» 


Pmeican Cerencencenome vemperature and the constants relatins 


ond See tO have the Samegiunc-— 


Paewmerimoc CxXbemimencally determined, it follows thet 
Measurement. Of 2nyeone Of LtLhe@e currents by appropriate 
pulse techniques serves to define all of the simultaneous 
eWwetCh characteristics of the film. The ratio I, : i, > Iso 
Meomebout 1 : 1. seas. 

Furthermore, a family of currents, each associated 
meeun a different degree of Joule heating, can be measured 
by Varying the rise time of a triangular input pulse. Fur- 
ther study in this direction should yield interesting infor- 
mation on the progress of Joule heating in films and on the 
maximum rise time tolerable for simultaneous switching. 

Use oi Pastrana input pulse provides an exceitent 
means for measuring the threshold of resistance in a super- 
Peecuctuns Iiim.  Thesenethod can be used for acturave re— 
Sults over the whole range of liquid helium temperatures. 
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APFENDIX I 


Table of Film Limensions 





— —__————_ ne — 
Specinen | c-el7 | Q-26 | Q-28 Q-3¢ 


| Mess 
Width : 


Thickness* 










. = BAe a 








Resistance 


297°K 9.4 £2 | 29.82 











*Specimen thickness was computed by the formula: 


Lb @et 5 L J Merce wie oudice 2u. room 
Ca Sw temperature (297°XK) 


Pp = Pee yStiv 1 ty Or ne 2am 
(9.1 x 107% ohm meter) 


Peer Lene th 


A - film cross-sectional 
area 


Se] tain thickness 


w - film width 
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